A major challenge in the synthesis of nanotube or nanowire sensors is to impart selective analyte binding through means other than covalent linkages, which compromise electronic and optical properties. We synthesized a 3,4-diaminophenylfunctionalized dextran (DAP-dex) wrapping for single-walled carbon nanotubes (SWNTs) that imparts rapid and selective fluorescence detection of nitric oxide (NO), a messenger for biological signalling. The near-infrared (nIR) fluorescence of SWNT DAP-dex is immediately and directly bleached by NO, but not by other reactive nitrogen and oxygen species. This bleaching is reversible and shown to be caused by electron transfer from the top of the valence band of the SWNT to the lowest unoccupied molecular orbital of NO. The resulting optical sensor is capable of real-time and spatially resolved detection of NO produced by stimulating NO synthase in macrophage cells. We also demonstrate the potential of the optical sensor for in vivo detection of NO in a mouse model.
S
ince the discovery that NO is identical with endotheliumderived relaxing factor biosynthesized in living organisms, it has been well known as a ubiquitous messenger in the cardiovascular and nervous systems and is employed in the human immune response [1] [2] [3] [4] [5] . Although NO is a relatively stable free radical, it is difficult to detect directly and in real time in vivo, because of its large diffusivity and high reactivity with other radicals and metal-containing proteins in biological systems 6 . The NO radical is currently detected using several methods, such as visible-fluorescence probes [7] [8] [9] [10] , chemiluminescence 11 and X-ray photoelectron 12 and electron paramagnetic resonance (EPR) 6 spectroscopy. In particular, a series of diaminofluoresceins 7, 8 and metalfluorophore complexes 9, 10 have been widely applied to cellular NO detection. However, each method proposed to date has significant limitations. Widely used diaminofluoresceins only indirectly detect NO through its oxidation products. Other limitations include photobleaching and lack of optical penetration through biological tissues for metal-fluorophore complexes. Therefore, the design of more robust schemes for biological NO detection is still an active area of research, particularly for in vivo applications.
SWNTs are single graphene sheets in a cylindrical geometry that creates quantum confinement of electrons and excitons in a single dimension. Our laboratory has pioneered the development of SWNTs as fluorescence sensors for biological applications, including glucose [13] [14] [15] , DNA 16 and divalent ions 17, 18 . Recently, semiconducting SWNTs that exhibit nIR photoluminescence 19, 20 have been widely applied to sensing and imaging biological molecules [21] [22] [23] [24] [25] [26] [27] [28] [29] , because the photoluminescence properties can be modulated easily in response to the adsorption of small molecules, such as electron-withdrawing or -donating groups and organic chargetransfer dyes 13, 25, 30 , and to a change in the dielectric environment that surrounds SWNTs 17, 31, 32 . Further, the electron-donating groups, such as amines, improve the electron density and mobility in SWNTs through donation of their lone-pair electrons 33, 34 . The nIR fluorescence of SWNTs is also resistant to irreversible photobleaching, with little or no threshold reported to date 21 , and can penetrate, without overlapping autofluorescence from biological substrates, more deeply into tissues than can visible fluorescence. As a result of these advantages, in this work we explore whether SWNTs can act as effective sensing platforms for real-time, direct and selective detection of NO in vitro or in vivo.
A central challenge to designing selective sensors for SWNTs is the engineering of selective analyte binding. As covalent attachment of recognition groups to the SWNT surface disrupts radiative exciton recombination, other methods need to be developed 35 . For a sensor that must operate in solution, cell culture or in vivo colloidal stability is a primary issue, which eliminates the viability of many noncovalent schemes proposed for electronic sensors 36 . An understanding of how to impart small-molecule selectivity and maintain colloidal stability and fluorescent emission is a goal central to enabling this application.
Herein, we describe a 3,4-diaminophenyl-functionalized dextran (DAP-dex, 5) wrapping for SWNTs that imparts rapid and selective fluorescence detection of NO in the near infrared (nIR) by the donation of lone-pair electrons in amines to confer more electron density and mobility in SWNTs. The SWNT DAP-dex hybrid functions as an assay for NO based on transition bleaching and has higher selectivity than other reactive nitrogen and oxygen species. We show that NO binding is non-covalent and the SWNT DAP-dex sensor is able to detect NO reversibly by the fluorescence bleaching. Spectral evidence supports a mechanism of electron transfer from the top of the valence band of SWNTs to the lowest unoccupied molecular orbital (LUMO) of the NO radical. The SWNT DAP-dex sensor is capable of the real-time and spatially resolved detection of NO within living cells at nanomolar concentrations. We demonstrate that NO produced by stimulating inducible NO synthase (iNOS) in Raw 264.7 macrophage cells is detected in real time using the fluorescence bleaching of SWNT DAP-dex . We also show the potential of the SWNT sensor for the in vivo detection of NO using any platform by injection of the sensor complexes into a recently deceased mouse animal model as a tissue phantom.
Results
Preparation of SWNT DAP-dex . To suspend SWNTs individually in water and render higher selectivity and sensitivity for NO, DAP-dex (5) was synthesized as shown in Fig. 1 . Our hypothesis was that lone-pair electrons on the amine moieties themselves n-dope the nanotube, which makes it electron-rich for direct charge transfer to NO. First, 3,4-diaminobenzoic acid (DABA, 1) was protected with a t-butyloxycarbonyl (BOC) group in 40% yield 37 . 1,4-Diaminobutane was then coupled to the carboxylic acid of the BOC-protected DABA (BOC-DABA, 2) in dichloromethane (DCM) for two hours at 25 8C to give the desired product, aminobutylated 2 (BOC-DABA-NH 2 , 3) in 70% yield. Dextran (9-11 kDa) was carboxymethylated using chloroacetic acid in an aqueous solution of sodium hydroxide for 1.5 hours at 60 8C (ref. 38) . From the results of acidimetric titration and mass increase, 24 wt% of carboxylic acid (4.19 mmol carboxylic acid per gram) was introduced onto dextran (CM-dex, 4). Then 3 was coupled to the carboxylic acid of dextran in water for eight hours at 25 8C, and the BOC protecting group was removed using phosphoric acid for 20 hours at 25 8C (ref. 39 ) to give DAP-dex (5) . The absorption feature of the DAP group in 5 was 260 nm in ultraviolet-visible (UV-vis) spectra ( Supplementary Fig. S1 ). Also, the amount of substituted DAP group was determined by measuring the absorbance at 260 nm after creating the calibration curve. According to the UV-vis analysis, 11 wt% of the DAP group was introduced onto 4. We also analysed 5 using Fourier transform infrared (FTIR) spectroscopy. Two specific bands at 1,650 and 1,530 cm
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, were also observed in FTIR spectra of 5, which correspond to the (C¼O) stretching band and the (-NH) bending vibration bend, respectively ( Supplementary Fig. S2 ). As 5 is very soluble in water, the amount of substituent does not diminish the solubility of the original dextran in water. For all the detection experiments, 5 with a diaminophenyl content of 11 wt% was used.
To resuspend SWNTs with 5, dialysis of a mixture of 0.3 wt% DAP-dex and SWNTs suspended in sodium cholate (SWNT SC , 12 mg ml 21 ) against phosphate-buffered saline (PBS, 50 mM, pH 7.4) was then carried out for 24 hours at 25 8C (refs 13, 15) , which removes sodium cholate and SWNTs suspended in DAP-dex. As shown by atomic force microscopy and optical images ( Supplementary Fig. S3 ), dialysis of SWNT SC without 5 causes SWNT aggregation, but SWNTs with DAP-dex are well suspended. Approximately 90% of the initial SWNT SC was shown to be resuspended with 5 based on the UV-vis-nIR absorption analysis. The fluorescence and absorption spectra (Fig. 2a) show that a red shift (18 nm or 14.5 meV) occurs for the SWNT DAP-dex hybrid when sodium cholate is replaced with DAP-dex, which is similar to the shift observed in DNA-SWNTs 16 . The normalized fluorescence intensity of SWNT DAP-dex decreases as compared with SWNTs suspended in sodium cholate, although the absorption intensities are similar to each other (Fig. 2a, inset) . This behaviour observed in SWNT DAP-dex is consistent with a mechanism of photoinduced excited-state electron transfer from the nanotube conduction band to the LUMO of an adsorbing molecule, which has been suggested before 25 . Further, the reduction potential of the DAP group measured by cyclic voltammetry is 20.15 V (versus a normal hydrogen electrode) and therefore lies within the gap between the valence and conduction bands of SWNTs in this range, which apparently supports the mechanism for the initial diminution of nIR fluorescence. In spite of this initial diminution, the residual nIR fluorescence of SWNT DAP-dex is adequate for NO detection, as described below.
The nIR fluorescence response of SWNT DAP-dex to NO. We first investigated the nIR fluorescence response of SWNT DAP-dex and SWNT SC to NO. The NO solution was prepared by bubbling pure NO gas through PBS (50 mM, pH 7.4) that had been deoxygenated by bubbling argon through it for two hours before the NO introduction. The concentration of NO was measured by a horseradish peroxidase assay 7, 40 . Each SWNT solution (in PBS, pH 7.4, 50 mM) was also bubbled with argon for two hours to remove dissolved oxygen prior to NO addition. As shown in Fig. 2 , the addition of a NO solution (30 mM) to a SWNT DAP-dex solution leads to the immediate bleaching of nIR fluorescence (Fig. 2b) , which indicates that rapid NO detection with substantial fluorescence bleaching at a physiological pH is possible on a SWNT DAP-dex hybrid. However, this distinct transition bleaching of fluorescence was not observed in SWNT SC , even 30 minutes after the same amount of NO was added to a SWNT SC solution (Fig. 2c) . These results suggest that the polymer wrapping around the SWNT mediates the NO detection by nIR-fluorescence bleaching.
Therefore, we further investigated the effect of SWNT-wrapping molecules on NO detection in terms of selectivity and transition bleaching rate. We synthesized phenoxy-modified carboxymethylated dextran (PhO-dex, 7), which does not have amine and amide groups ( Supplementary Fig. S4 ), and then the SWNTs were resuspended with 7 through dialysis 15 . Next, we examined the fluorescence responses of SWNT DAP-dex , SWNT PhO-dex and SWNT SC for NO. As shown in Fig. 3 , nIR fluorescence of SWNT DAP-dex was bleached selectively by NO more than by many other reactive nitrogen and oxygen species present in typical biological systems, including NO (Fig. 3a) . These results indicate that SWNT DAP-dex may allow for NO detection in vitro or in vivo.
There is a smaller, less selective and slower response from SWNTs suspended with 7 (SWNT PhO-dex ), but little selectivity for NO was observed with SWNT SC . The effect of wrapping functionalities on NO detection is more obviously observed in the transition bleaching rates of nIR fluorescence, as shown in Fig. 3b ). Also, the fluorescence of SWNTs with small bandgap decays faster than that of those with large bandgaps (Fig. 3c) , because the difference in the gap between the valence band and the LUMO of NO is greater for the former than for the latter. The smallest concentration of NO detected in this work using SWNT DAP-dex was 100 nM (Fig. 3d) . However, based on a calibration curve from Fig. 3d , the concentration at three times the noise value for a typical experiment with a signal-to-noise ratio of seven is 70 nM of NO. Therefore, we estimate this value as the current detection limit. Compared with the metal-fluorescein probe (5 nM; ref. 9), which is irreversible for NO detection, the detection limit of SWNT DAP-dex is 12 times larger. Further optimization may be possible by varying the number of the diamino groups per length. We analysed in detail SWNT DAP-dex at saturation (that is, nIR fluorescence completely bleached by NO) to elucidate the bleaching mechanism. As shown in Fig. 4 , visible and nIR absorption features of SWNTs change after the addition of NO. In particular, the first van Hove transitions almost disappear (Fig. 4a) . The selectivity for nanotubes of small bandgap identifies this as a transition photobleaching mechanism, as seen for glucose detection 13 , as do the reactions of SWNTs with organic charge-transfer molecules 30 and K 2 IrCl 6 (ref. 41) . The Raman spectra of SWNT DAP-dex after the addition of NO show that the intensity of the radial breathing mode (RBM) relative to the G peak decreases, as expected, through its loss of resonance enhancement. However, an increase in the disorder mode (D) (1,290 cm 21 ) is not observed (Fig. 4b) , which indicates that the attachment is non-covalent and potentially reversible. Further evidence to clarify the bleaching mechanism by NO was obtained by a recovery experiment. As shown in Fig. 4c , the addition of b-nicotinamide adenine dinucleotide (NADH, reduced), a reducing agent, to the bleached SWNT DAP-dex solution results in complete recovery of nIR fluorescence, which shows that the SWNT DAP-dex optical sensor is theoretically reversible for NO detection. Further, nearly complete recovery of visible-nIR absorption of SWNT DAP-dex is observed after the addition of NADH (Supplementary Fig. S6 ). Both recoveries are consistent with electron transfer from NADH to the oxidized SWNTs and also support a non-covalent attachment of NO to the SWNT sidewall. Therefore, we tried to dialyse out NO adsorbed on or around SWNTs to evaluate the reversible detection. As shown in Fig. 4d , the bleached fluorescence is restored after simply removing NO from SWNT by dialysis, which indicates that NO detection is reversible. The restoration occurs at the diffusion limit through the dialysis membrane, and it is therefore not possible to estimate the desorption rate constant from this experiment. Molecules of comparable size were found to have desorption rate constants between 600 and 1,130 ms 21 for collagen-wrapped SWNTs 42 , which suggests that the NO response is rapid enough for dynamic measurements. All of these results agree with the mechanism asserted above in which electron transfer from the top of the nanotube valence band to the LUMO of NO causes reversible transition bleaching and nIR fluorescence attenuation. ) at 2.7 mM concentration of NO, which show that the DAP functional group significantly enhances the bleaching rate for NO. The intensity of (10,5) SWNT was measured. c, Fluorescence bleaching rates for NO as a function of emission energy for SWNT DAP-dex and SWNT PhO-dex . d, Sensitivity of SWNT DAP-dex for NO detection based on the fluorescence bleaching of (10,5) SWNT measured ten minutes after the addition of each NO solution. Error bars were determined from the mean and standard deviation.
Biological NO detection on SWNT DAP-dex . Of particular merit is the ability to determine temporally and spatially the production of NO in complex biological systems as a means to study signalling pathways. First, we evaluated the capability of the SWNT DAP-dex optical sensor for both the real-time and spatially resolved detection of NO within the cells. Raw 264.7 murine macrophage cells were incubated with SWNT DAP-dex (1 mg ml 21 ) for 12 hours at 37 8C, and then washed with PBS several times. Internalization of SWNTs into the cells has already been well studied 22 . As shown in Fig. 5 , macrophage cells that incorporate SWNT DAP-dex within them show bright and photostable nIR fluorescence (Fig. 5a, control) . After this, nIR fluorescence generated from the macrophage cells was monitored in real time for 330 seconds, and the NO solution (5 mM, PBS) was added to the macrophage cells. The fluorescence images of macrophage cells show a decrease of fluorescence intensity on the addition of NO, and almost complete bleaching is observed 30 seconds after NO treatment (Fig. 5a) , which demonstrates that SWNT DAP-dex can detect NO within the cells in real time. Even though the sensor is based on bleaching (or 'turn-off'), the photostability and small diffusion constant of SWNTs enable a further analysis that is not possible with previous organic fluorescence probes. We normalized each pixel by its corresponding intensity at the start of the experiment. As shown in Fig. 5a (imaging of NO) , the result is a spatial dependence on the quenching that reflects real-time gradients in NO concentration within the cell. Some regions clearly quench before others do, and at different rates. Recent work highlights that small molecules still encounter barriers to diffusion because of the increased viscosity of dense lipid compared to that of the cytoplasm 43 . Hence, gradients at the cellular level are anticipated. Also, the SWNT DAP-dex optical sensor enables us to quantitatively track real-time nIR fluorescence within the cells, as shown in Fig. 5b . The nIR fluorescence intensity of SWNT DAP-dex within the cells suddenly decreases on the addition of NO solution (Fig. 5b) , with a detection limit of approximately 200 nM of NO within the cells (Supplementary Fig. S7 ). In a control experiment, Raw 264.7 macrophage cells that incorporated SWNT DAP-dex within them were monitored in the absence of NO for ten minutes (Fig 5a, control) . Bright nIR fluorescence of SWNT DAP-dex within the macrophage cells was still observed without photobleaching during laser irradiation for ten minutes, and this was more clearly demonstrated in the quantitative tracking of fluorescence intensity (Fig. 5b, control) , which indicates that the fluorescence bleaching is caused by NO production in the macrophage cells.
We next evaluated the ability of SWNT DAP-dex to detect NO spatially within macrophage cells by measuring the fluorescence in each cell or in a different region of a single cell. The degree of fluorescence bleaching by NO clearly varies among the cells (Supplementary Fig. S8b ). The overall fluorescence from three individual cells is bleached by approximately 40%, 28% and 20% after the addition of NO. Moreover, differences in fluorescence bleaching in different regions of the same cell can be distinguished (Supplementary Fig. S8c) . Quantitatively, the region (x,y ¼ 63,139) of the cell denoted with two ( Supplementary Fig. S8a ) is bleached by 30%, and another part (x,y ¼ 137,137) of the same cell is bleached by 65%. There is no correlation with SWNT concentration (photoluminescence intensity) and we conclude that the sensors are able to resolve gradients in NO concentration present in different compartments of the same cell.
In macrophage cells, it is well known that NO is produced by iNOS 3, 44, 45 . We investigated the detection of time-dependent NO production by Raw 264.7 murine macrophage cells stimulated with lipopolysaccharide (LPS) and interferon-g (IFN-g) using a SWNT DAP-dex optical sensor. After macrophage cells had been incubated with SWNT DAP-dex (1 mg m 21 ) for 12 hours at 37 8C and washed with PBS, they were treated with LPS (20 ng m 21 ) and IFN-g (20 U m 21 ). After incubation for six hours, the nIR fluorescence response was monitored at intervals of two hours. As shown in Fig. 5c,d , the average fluorescence of each cell successively and slowly decreased over 12 hours post activation. The fluorescence bleaching response for Raw 264.7 cells pretreated with N G -methyl-L-arginine (2 mM), a known inhibitor of iNOS that attenuates NO production, becomes weaker on LPS and IFN-g addition. The fluorescence bleaching was not observed for Raw 264.7 cells that incorporate SWNT DAP-dex without LPS and IFN-g stimulation. The average fluorescence intensity is almost constant for the 12-hour period of the experiment in non-activated Raw 264.7 cells (Fig. 5c,d) . These results clearly demonstrate that SWNT DAP-dex allows the detection of NO produced by iNOS in Raw 264.7 macrophage cells.
Finally, we demonstrate the potential for the in vivo detection of NO using SWNT DAP-dex (Fig. 5e) . A dialysis membrane loaded with a SWNT DAP-dex solution was inserted into a slit in the abdomen of a CO 2 -asphyxiated mouse. After imaging, a NO solution (60 mM) was injected in the region of the slit and the fluorescence response was monitored in real time. As shown in Fig. 5e , the nIR fluorescence is able to penetrate through tissue and with a high signal-to-noise ratio. Ten minutes after NO injection, the fluorescence of SWNT DAP-dex was bleached completely. The experiment demonstrates that the major barriers to optical detection of NO in vivo, namely tissue penetration, scattering and autofluorescence, can be overcome using this platform; however, further work is warranted.
Cytotoxicity of SWNT DAP-dex on Raw 264.7 cells. To evaluate the cytotoxicity of SWNT DAP-dex , the LIVE/DEAD viability and cytotoxicity assay that provides simultaneous determination of live and dead cells with two probes 46 was carried out on Raw 264.7 cells after 12 hours of incubation with SWNT DAP-dex (1 and 2 mg ml 21 ). According to the results of the test ( Supplementary  Fig. S9 ), the survival and death rates of macrophage cells were 100+19% and 2.4+19%, respectively, within the margins of error of the control samples. This indicates that SWNT DAP-dex is clearly not cytotoxic at all the concentrations tested in this work.
As well as cytotoxicity, we were also interested in whether SWNT DAP-dex would induce an activation response in Raw 264.7 cells without LPS and IFN-g. Such a response would prevent the use of the sensor in vitro and in vivo in this capacity, because the probe itself would stimulate NO from the host immune system. We used the Griess assay to assess independently the activation of cells exposed to SWNT DAP-dex and no activation was detected (Supplementary Fig. S10 ). The lack of cytotoxicity and immunogenicity is promising for practical applications of the sensor.
Discussion
In this work, we demonstrate the first NO sensor based on SWNTs that produces photostable and tissue-penetrative nIR fluorescence for biological detection at neutral pH in living cells and animals.
The nIR fluorescence of SWNT DAP-dex is immediately and selectively bleached by the NO radical more than by reactive nitrogen and oxygen species, such as NO 2 2 ), that exist in physiological systems could interfere with the selectivity for NO detection. However, these species at the same concentration (30 mM) as that of NO used in this work do not bleach the fluorescence of SWNT DAP-dex appreciably (Supplementary Fig. S5 ). Therefore, potential interference from oxidative agents can be excluded. Moreover, the transition bleaching rate of SWNT DAP-dex is at least fivefold faster than the rates of SWNT PhO-dex and SWNT SC (Fig. 3) , which indicates that the DAP-dex wrapping around SWNTs is responsible for the selectivity of and rapid response to NO. Both are critical for the real-time and immediate detection of NO that would be valuable to determine the temporal distribution of NO in biological systems. Apparently, the nanotube surface itself has a basal response to NO, as demonstrated for sodium cholate and PhO-dex controls. The DAP groups, then, increase the rate of NO detection and selectivity by donating lone-pair electrons in the diamino groups to SWNTs, which confers an increase in electron density. This charge-transfer n-type doping of SWNTs increases the Fermi level and therefore the electrochemical potential from the LUMO of NO. This accelerates the electron transfer from SWNTs to NO. The preferential reaction of NO through these diamine sites explains both the increase in rate and selectivity of NO for SWNT DAP-dex . This also illustrates that engineering a SWNT sensor in this manner requires suppression of any non-selective response from interfering molecules.
The emerging picture suggests how one may use SWNTs rationally to design sensors for any analyte. There are apparently two components to this selectivity induced by the polymer: its steric adsorption and its redox properties on the nanotube. There is currently no precise analytical tool to determine how a polymer adsorbs to create a selective gap or binding site for a molecule such as NO. So the responses to NO and a host of other probe molecules are the best probes of this adsorbed phase. This is the primary way in which adsorbents are characterized: through molecular penetration experiments. The dextran backbone alone does not adsorb onto the SWNTs; phenylation allows this adsorption. The phenyl ring has a minimum energy configuration in the pi-stacking position, so the picture is one in which these rings tether a dextran backbone to the SWNTs with dextran-facing solution. The addition of the diamine seemingly does two things. It n-dopes the carbon nanotube, which raises the Fermi level, as for many other amine species. It also perturbs the structure of this polymer, altering its conformation to yield a binding site that is clearly more favourable for NO binding. The best evidence for this is simply the selectivity towards NO, which increases dramatically with diamine addition. This effect is not what the diamine construct does for conventional NO sensors.
The exact nature of the NO-SWNT interaction warrants further consideration. According to the results of spectroscopic analyses and recovery experiments (Fig. 4) , the fluorescence bleaching is caused by non-covalent adsorption of the NO radical and is reversible. Previous literature suggests that carbon nanotubes can scavenge radical species by radical addition (covalent) to the sidewall of nanotubes 47, 48 . However, we found no evidence of this in the Raman spectra (Fig. 4b) . Absorption analysis and recovery experiments also support the redox mechanism caused by non-covalent adsorption by electron transfer rather than by covalent radical addition. Also, the stated bleaching mechanism of electron transfer from the top of the valence band of SWNTs to the LUMO of NO is thermodynamically favourable, because the reduction potential of NO to 3 NO 2 is þ0.39 V (versus a normal hydrogen electrode) 49 and below the valence bands for most nanotube species 30 . SWNT DAP-dex is able to detect temporally and spatially NO in living cells through a distinct bleaching of its nIR fluorescence (Fig. 5) . This is clearly useful for elucidating the biological roles of ubiquitous NO. We emphasize the capability for real-time tracking in both living cells and strongly scattering tissues. In the results so far, we see significant cell-to-cell and compartmental variation in in vitro experiments (Supplementary Fig. S8 ). This supports the notion that SWNT DAP-dex can report the spatial distribution of NO and its gradients produced in complex biological systems. This type of real-time information for spatial NO production may be useful in the study of the physiological and pathophysiological roles of NO in biology. Endogenous detection of NO produced by iNOS in stimulated Raw 264.7 macrophage cells (Fig. 5c,d ) and the result of Griess assays ( Supplementary Fig. S10 ) indicate that the amount of SWNT DAP-dex (1 mg ml 21 ) used for cellular NO detection does not influence the primary biological pathways of NO production. Finally, the nIR fluorescence of SWNT DAP-dex is capable of penetrating mouse tissue and shows potential for the in vivo detection of NO, a longstanding goal in the field that is difficult or impossible for diaminofluorescein and metal-fluorophore indicators. To our knowledge, SWNT DAP-dex is the first SWNTbased sensor capable of the reversible, selective, direct and realtime detection of NO in vitro and potentially in vivo.
In summary, we have demonstrated the SWNT DAP-dex optical sensor for reversible NO detection in vitro and potentially in vivo. NO can be detected reversibly, directly and spatiotemporally through nIR fluorescence bleaching of SWNTs. The fluorescence bleaching is clearly mediated by NO adsorption onto SWNTs and ultimately caused by electron transfer from the top of the SWNT valence band to the LUMO of NO. Further, SWNT DAP-dex has been applied to the endogenous detection of NO produced by iNOS in stimulated Raw 264.7 macrophage cells, which shows its potential for in vivo detection of NO in a mouse.
Methods
Synthesis of 5. A 3.0 g portion of 1 (19.71 mmol) was dissolved in 100 ml of N,Ndimethylformamide (DMF), and 7.64 g of N,N-diisopropylethylamine (DIEA, 59.13 mmol) was added to the DABA-DMF solution. A 10.32 g portion of di-tbutyl dicarbonate ((BOC) 2 O, 47.30 mmol) was slowly added to the DABA mixture in an ice bath, and the resulting solution was left to stir for 20 hours at 25 8C. To work up the reaction, an excess of DCM was added to the reaction mixture, and then the di-BOC-protected product (2) was extracted with an excess of an aqueous solution of sodium hydroxide (1 M, 500 ml). After acidifying the aqueous solution with an aqueous solution of HCl (1 M), 2 was immediately extracted with an excess of ethyl acetate. After evaporating the ethyl acetate, 2 was purified with column chromatography (hexane:ethyl acetate, 2:1 v/v) in 40% yield.
To synthesize (5-(4-aminobutylcarbamoyl)-2-t-butoxycarbonylaminophenyl) carbamic acid t-butyl ester (3), 1.98 ml of 1,4-diaminobutane (19.72 mmol) was dissolved in 60 ml of DCM. After dissolving 1.39 g of 2 (3.94 mmol), 1.92 g of (benzotriazol-1-yloxy)tris(dimethylamino)phosphonium hexafluorophosphate (4.34 mmol) and 0.89 ml of DIEA (5.13 mmol) in 40 ml of DCM, the solution was added dropwise to 1,4-diaminobutane solution for 20 minutes at 25 8C. The resulting mixture was left to stir for a further three hours at 25 8C. After evaporating DCM, the desired product, 3, was separated using column chromatography (DCM:MeOH, 5:1 v/v) in 70% yield. Cell culture and assay. Raw 264.7 murine macrophage cells were grown in Dulbecco's modified Eagles' media (DMEM) that contained 10% (v/v) fetal bovine serum, 100 U ml 21 penicillin and 100 mg ml 21 streptomycin at 37 8C in a humidified atmosphere of 5% CO 2 . To detect NO produced by iNOS in stimulated Raw 264.7 cells, SWNT DAP-dex (1 mg ml
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) was added into macrophage cells dispersed in 2 ml DMEM, and then incubated for 12 hours at 37 8C to enable adhesion of the cells and uptake of SWNTs. After washing the cells with PBS several times, LPS (20 ng ml 21 ) and IFN-g (20 U ml 21 ) were added into the cells. After incubation for six hours at 37 8C, the fluorescence response within the cells was monitored using a nIR fluorescence microscope.
Additional details, such as NMR spectroscopy, FTIR spectroscopy and ultraviolet analysis for each product, nIR fluorescence, absorption and Raman spectroscopy, the procedures for in vivo experiments and cytotoxicity, and so on, are provided in the Supplementary Information.
Procedures used in this study were performed in accordance with the NIH Guide for the Care and Use of Laboratory Animals and were approved by the Committee on Animal Care of the Massachusetts Institute of Technology.
